cycle [42] . Permian and Mesozoic rocks were tectonized during the Alpine cycle, they caused a monoclinic deflection towards ENE of a sheet built from the deposits of both stages and cutting it with faults. Presumably, the early Miocene movements led to the formation of horsts and depressions [9] . Most of the horsts are made of the Upper Jurassic rocks exposed on the surface, less often the Upper Cretaceous rocks. The depressions fill the Miocene deposits [13, 36] .
Hydrogeological conditions
In the Krakow agglomeration there are four aquifers (Tab. 1): Quaternary, Tertiary, Cretaceous and Jurassic [4, 18] . Table 1 Characteristics of aquifers in the Krakow region [4, 7] The Jurassic multiaquifer formation is associated with cracked and partially karsted Upper Jurassic limestones. Mesozoic rocks are cut by faults, so the Upper Jurassic limestones do not form a uniform aquifer. It is possible to distinguish a series of separate hydrostructures in which the groundwater table occurs at different depths. Water flow between individual structures is possible. Waters circulation in the Upper Jurassic aquifer depend on morphology, tectonics and coverage of low-permeable rocks [34] . The underground waters in the Jurassic aquifer flows from the upland (watershed zones) towards the river valleys. The location of the water table is strongly dependent on the amount of precipitation. This aquifer is drained by numerous springs [8] . In the area of the Jurassic limestones outcrops are recharged by precipitation infiltration. The infiltration coefficient is high due to the occurrence of karst phenomena and fissures in the surface zone. The waters of the Upper Jurassic aquifer in the outcrop areas (no isolation) 190 are exposed to pollution, which may adversely affect their quality. It is particularly visible in the region of Krakow-Podgórze and Krowodrza [7, 25] . In cases of isolation of Jurassic waters by Miocene clays, there are some artesian or sub-artesian waters, often with increased mineralization [18] . The system of circulation in depressions under the Miocene cover is complicated. Local groundwater in the western and north-western part of the Krakow agglomeration are usually found in several water wells, so-called Krakow spa. The Cretaceous aquifer is associated with Senonian cracked marls and opoka as well as Cenomanian and Turonian organodetrital and sandy limestones and conglomerates. The thickness of the Cretaceous aquifer ranges from a few meters in the western part of Krakow to 40-50 m in the north-eastern part of the city [18, 35] . Cretaceous deposits form a multi-layer underground water reservoir of the slit type. The recharge of the Upper Cretaceous aquifer takes place mainly through infiltration of precipitation directly on outcrops or through Quaternary deposits. Presumably, a portion of the water flows, as a matter of course, from the Upper Jurassic limestones to higher-lying Upper Cretaceous deposits. The water-bearing chalky is drained with numerous springs and surface watercourses [8] . The area of occurrence of the Cretaceous aquifer is part of the major groundwater basin (GZWP) No. 409 -Niecka Miechowska SE [14] .
In the area Neogene aquifer only sands within the Bogucice layers (Bogucice sands) occurring in the eastern part of Krakow are useful aquifer. This area is a fragment of GZWP No. 451 -Bogucice Subzbiornik [14] . The water-bearing level is formed by sandy, sand and sandstone deposits with a thickness of 5 to 60 m, locally over 100 m. Recharge the Bogucice sands takes place mainly through infiltration of precipitation on outcrops. A subordinate role in recharge this aquifer is the seepage of waters from the Quaternary floor and the lateral recharge of waters from the Jurassic aquifer [27] . In addition to outcrops, the waters are protected against pollution by an insulating clay complex and have favorable physico-chemical properties [20] . The GZWP No. 451the Bogucice Sub-reservoir [14, 27, 39] , was distinguished within the Neogene aquifer associated with the Bogucice Sands.
Within the Quaternary aquifer the most important is the Pleistocene aquifer associated with the Vistula's pradoline [7, 17] . Groundwaters occur in gravel and sandy deposits, most often underlain by impermeable Miocene clays, locally by Jurassic or Cretaceous deposits. Quaternary groundwater formations in the Vistula Buried Valley and within the Prądnik fan reach a thickness of up to several meters, while the smallest thickness have deposits of the contemporary Vistula alluvial channel. The Quaternary aquifer is recharge by direct infiltration of rainwater and lateral or ascending inflow from the Jurassic and Cretaceous aquifer. In a natural way, the Quaternary aquifer is drained by rivers and streams, and artificially by exploitation and drainage wells [4] .
The groundwaters of Jurassic deposits are characterized by a very diverse chemical composition, which is influenced by geological conditions (tectonics and lithology of Miocene deposits). In the area of Krakow, the mineralization of Jurassic waters ranges from 410 to 4290 mg/L. The general hardness varies from 4.6 to 11.6 mval Ca/L, iron content from 0.3 to 2.4 mg/L, and manganese from 0.1 to 23.0 mg/L. These are mainly HCO 3 -Ca-Mg and HCO 3 -Ca type water [7, 20] . The quality of Jurassic waters varies from good to bad [7] . Usually, however, these are medium-quality waters. In the case of their limited exchange, they are characterized by increased mineralization. This group includes water exploited by the Krakow spa [18] . Cretaceous waters have a mineralization of 430-900 mg/L and a total hardness of 6.6-19.6 mval Ca/L. They contain small amounts of iron, occasionally up to 2.1-3.2 mg/L. Most often they are of the HCO 3 -Ca-Mg type [7] .
The groundwaters of the Neogene aquifer (Bogucice sands) are characterized by low mineralization from 160 to 880 mg/L and average general hardness. They are of the HCO 3 -Ca-Mg type. In the Paleogene sands and in the Miocene limestones, covered with Miocene clays. These are SO 4 -Cl-Na-Mg-Ca waters with H 2 S content and mineralization of approx. 2.5 g/L [3, 17, 18, 40, 41] . On the southern part of the city, groundwater is found in the Miocene gypsum series and is of the SO 4 -HCO 3 -Ca-Mg type with a significant content of H2S and mineralization of approx. 2.5 g/L [15] .
Mineralization of underground waters of a Quaternary aquifer is very spatially and seasonally differentiated. The dry residue varies from approx. 0.2 to over 2 g/L [16] . The predominant are multi-ionic waters, usually four-and five-ion: HCO 3 -SO 4 -Ca-Na, SO 4 -HCO 3 -Ca-Na and HCO 3 -SO 4 -Ca-Mg. These waters have different contents of iron and manganese, chlorides, sulphates, hardness and ammonium nitrogen [7, 16] .
POSSIBILITIES OF HEAT RECOVERY FROM FRESH WATERS IN THE KRAKOW REGION
Heat accumulated in shallow parts of the rock mass can be used by means of low--temperature geothermal systems based on heat pumps. Geothermal heat pumps as the lower source can use energy accumulated in soil or in groundwater.
Groundwaters in the Krakow area can be used as a source of heat for geothermal heat pumps. The main factors determining the possibility of geothermal energy recovery are: natural environmental conditions, technologies of its use and economic conditions. The thermal power of the shot used as the bottom source in the heat pump is the basic parameter that determines the possibility of using it for heating purposes. Its size depends on the coefficient of performance of the heat pump and geological factorsthe temperature of underground water and the discharge of water intakes. To determine the thermal power of individual intakes, it is necessary to know their operational parameters, including the temperature of groundwater at a given depth.
A pattern was used to estimate the water temperature [30] : Groundwater temperatures in Krakow range from 7.87 to 9.36°C (Fig. 1) . The average water temperature is at the level of 8.5°C, while the median temperature is 8.45°C The thermal power of the intakes ranges from 0.394 to 1108.035 kW, the average power is on the order of 88.305 kW (Tab. 2). The majority of estimated thermal outputs possible to obtain from underground water intakes in Krakow have values above average, which is evidenced by skewness at 4.06 and the occurring right-side asymmetry. Most of the estimated thermal outputs have a value close to the average (kurtosis 33.32).
In low-temperature geothermal systems based on groundwater as heat sources, water chemistry can affect system operation. The main problems are related to scaling or corrosion [21, 33] . Scaling or precipitation of water sediments (silicates, carbonates, sulphates and metal oxides) can cause the installation to colmatise. Precipitation may occur at hardness above 100 mg/L (CaCO 3 ), and becomes a serious problem above 195 200 mg/L. Scaling increases with increasing calcium, hardness, alkalinity, pH and temperature [32] . Corrosivity of water is determined inter alia by the content of chlorides, sulphates and nitrates, carbonate hardness (alkalinity), total water hardness, pH, mineralization, proper electrolytic conductivity, pressure, dissolved gas content (O 2 , H 2 S, CO 2 ), anaerobic bacteria content and others [26, 28, 33] .
According to pump manufacturers' recommendations, physical and chemical parameters of waters should be within specified limits, which depend on the type of material (copper or stainless steel) from which heat exchangers are made [6, 38] . One of the factors that significantly affect the corrosivity is the reaction of water, H + ions intensify this process. The risk of corrosion is lowest when the pH is maintained between 7.5 and 9.0 [10, 38] . In the case of steel, exposure to corrosion exists at pH < 7.5. For both steel and copper exchangers, the general hardness should be in the range 4.0 to 8.5 deg. H. Electrolytic conductivity indirectly indicates the total content of ions (water mineralization). The greater the conductivity, the greater the risk of corrosion. In the case of copper installations, the water must not have the greater electrolytic conductivity than 500 μS/cm or less than 10 μS/cm. The content of bicarbonate ions does not affect the corrosion exposure of stainless steel exchangers. In the case of copper exchangers, if HCO 3 concentration in water is low (< 70 mg/L), copper corrosion products are dissolved and released. In the case of copper exchangers, it is also recommended not to increase the HCO 3 concentration above 300 mg/L.
High concentration of sulphates increases the risk of pitting corrosion in copper pipe. For use in heat pumps water with SO 4 2content above 300 mg/L is not suitable.
When using copper, SO 4 2content in water used in heat pump installations should be less than 70 mg/L. When using copper exchangers, the SO 4 2-/HCO 3 ratio, which should not be greater than 1.0, is also taken into account. The concentration of ammonia (NH 3 ) above 2 mg/L in water indicates the possibility of corrosion in copper exchangers. The presence of chlorides in water increases the risk of local corrosion in stainless steel. The limit value depends on the temperature, for temperatures below 60°C a value below 300 mg/L is recommended. The content of aluminum and iron above 0.2 mg/L, manganese above 0.1 mg/L and nitrates above 100 mg/L may cause corrosion in copper exchangers [38] . The recommendations of the Viessman pump producer [38] regarding 11 chemical parameters were analyzed and compared with published data on the quality of water from the Quaternary and Jurassic aquifers in the Krakow region (Tab. 3). The collated data show that copper has a lower corrosion resistance than stainless steel. The wide ranges of points that apply to all the presented parameters indicate that corrosion and scaling is possible during the operation of the systems. However, it does not mean that in the studied area not all waters will be characterized by chemistry, excluding the use of heat pumps. Nevertheless, the analyzed data indicate that before starting the system it is necessary to analyze the composition of water quality from the used intakes and consider the use of exchangers. Table 3 Physicochemical parameters of groundwaters in Krakow region characterizing corrosion resistance [38] * ranges of values of selected parameters characterizing corrosion resistance based on data from published papers on groundwater chemistry in Krakow
SUMMARY
Analysis of water parameters available in the intakes in Krakow showed that there is the possibility of using thermal energy contained in groundwater. Water temperatures in the range of 7.87-9.36°C allow to obtain thermal outputs from 0.395 to 1108.035 kW.
Analyzing published data on groundwater chemistry in the Krakow region and comparing them with the recommendations of heat pump manufacturers indicates that the use of water as a lower heat source may in some cases cause technical problems and it may be necessary to use preliminary exchangers.
Good resistance under normal conditions
Groundwaters in Krakow area Parameter
Stainless steel Copper
Quaternary aquifer [12] Jurassic aquifer [5] HCO The use of groundwater as the lower heat source in heat pump installations requires a detailed recognition of water chemistry.
